T he genetic diversity of HIV (HIV-1) allows the virus to escape immune pressure and rapidly develop drug resistance and has hindered the development of a functional vaccine. Three mechanisms contribute to the genetic diversity of HIV: rapid, high-level virus turnover (ca. 10 8 -10 9 cells are infected every day), nucleotide misincorporation during replication of the HIV-1 genome by the error-prone reverse transcriptase, and recombination (1) (2) (3) .
As with other retroviruses, HIV-1 recombination occurs during reverse transcription when reverse transcriptase switches between the two RNA genome templates in the infecting virion and uses information from both of them to generate a hybrid viral DNA. Although recombination can occur in all infection events, only virions that contain two genetically distinct RNAs can generate a recombinant that is genotypically different from either of the two parental strains (4) . The production of a genotypically different recombinant is therefore a multistep process. The virus producer cell needs to be infected by two or more genetically distinct viruses, RNAs transcribed from the different proviruses have to be copackaged into a heterodimeric virion, and template switching during reverse transcription must take place to generate recombinant viral DNA (5) . It has been estimated that as many as 30 template switches may take place during a single infection event (reviewed in ref. 6 ). The potential for productive recombination in HIV-1-infected individuals is therefore strongly dependent on both the frequency of multiply infected cells and the genetic relationship of the proviruses they contain.
Isolation of recombinants from infected individuals provides evidence of multiple infected cells (7) (8) (9) (10) . Furthermore, in vitro studies have shown the occurrence of doubly infected cells (11, 12) and the generation of heterodimeric virions with two different viral RNAs (13) . Evidence for multiply HIV-1-infected cells in vivo was first demonstrated in spleen by Gratton et al. (14) and further confirmed in a study by Jung et al. (15) . The latter study concluded that CD4 + cells isolated from the spleen harbored between one and eight (with a mean of 3.2) proviruses per cell and that the proviruses within single cells were genetically diverse (15) . Although both the in vitro and in vivo studies point to the possibility of extensive multiple infection, recent modeling studies by Neher et al. (16) and Batorsky et al. (17) concluded that, on the basis of the amount of viral recombination observed during chronic HIV-1 infection, only 10% or less of HIV-1-infected cells are multiply infected with genetically distinct virus.
Although the modeling studies indicate low effective recombination rates during disease progression, it is unclear how often infected host cells contain multiple HIV-1 proviruses. Furthermore, the genetic relatedness of proviruses within an infected cell to one another and to the extracellular virus population is unknown. To address these issues we developed the single-cell sequencing assay (SCS), which allows a direct analysis of the number of HIV-1 DNA molecules in single HIV-1-infected cells and reveals their relatedness to one another, to DNA in other cells, and to genome sequences derived from contemporaneous plasma virus RNA.
In the present study, analysis of cells from five recently (<6 mo) and four chronically (2-15 y) infected patients revealed that the majority (>85%) of infected CD4 + T cells in blood contain only one copy of HIV-1 DNA, implying a limited potential for recombination in virus produced by these cells. Sequence analysis revealed that intracellular viral DNA from CD4 + T cells in each of the nine patients was phylogenetically similar to contemporaneous plasma RNA, indicating ongoing exchange between these compartments during early and chronic HIV-1 infection.
Results
The Majority of Infected CD4 + T Cells Contain One DNA Molecule. The rate of HIV-1 recombination is dependent on multiply HIV-1-infected cells, the number of which in peripheral blood is unknown. Therefore, we developed the SCS to quantify and genetically characterize HIV-1 DNA molecules from individual infected cells [ Fig. 1 and SI Materials and Methods, Detailed Description of Single-Cell Sequencing Assay (SCS)]. The ability of the assay to detect all proviruses in singly and multiply infected cells was validated using 293T cells infected with defined numbers of HIV-based vectors (SI Materials and Methods, Validation of SCS, and Table S1 ). To evaluate the number of multiply infected CD4 + T cells from peripheral blood a 1.3-kb gag-pol fragment was amplified from samples collected from five recently infected (<6 mo of infection) and four chronically infected patients (2-15 y of infection) using SCS (Table 1) . Two time points, ≈6 mo apart, were analyzed for three of the chronically infected patients. The analysis revealed that the majority (>85%) of infected CD4 + T cells contained a single viral DNA molecule (Table 2 ), but at least one row containing the cell lysate with << one infected cell spread over 10 wells had two or more HIV-1 DNA molecules in eight of the nine patients. There were three possible reasons for the detection of more than one HIV-1 DNA molecule in a row of 10 wells: (i) one cell contained two or more different HIV-1 DNA molecules; (ii) one cell contained a single provirus but was in the process of DNA replication; or (iii) two or more HIV-1 positive cells were lysed and analyzed in the same row. In each case, the number of rows with more than one copy of viral DNA corresponded closely to that predicted by the Poisson distribution under the assumption of no multiple infection [predicted values are shown in parentheses in columns 2-6 (from left) in Table 2 ("Individual patients")]. For each individual patient, correspondingly, there was insufficient statistical support to reject the hypothesis that no multiple infection was present (P ≥ 0.10 for all patients) [ Table 2 ("Individual patients"), column 7] . Additionally, patients sampled early in infection collectively did not demonstrate significant evidence of multiple infection (P = 0.78) [ Table 2 ("Combining all early and all chronic patients"), column 7] . However, when results from all patients with chronic infection were combined, the number of rows with more than one DNA molecule significantly exceeded that predicted from a random distribution, implying that multiple infection was present (P = 0.03). These data indicate that, most of the time, the multiple DNA molecules are more likely to have been derived from two or more HIV-positive cells lysed and analyzed in a row of 10 wells than from one cell containing multiple HIV-1 molecules.
Although we cannot definitively determine the frequency of multiply infected cells from the data in Table 2 , we can use these results to put bounds on their frequency. If we conservatively assume that all rows containing two or more HIV-1 DNA molecules are the result of multiply infected cells, we can conclude with a confidence level of 95% that fewer than 15-44% of cells during early infection and fewer than 30-58% of cells during chronic infection are multiply infected [ Table 2 ("Individual patients"), column 8]. When we combined all of the data from all of the early infected patients we found with 95% confidence that multiple infection occurs in less than 20% of cells [ Table 2 ("Combining all early and all chronic patients"), column 8]. For cells from chronically infected patients, multiple infections occur at less than 30%. However, when simulations were conducted to estimate the rate of multiple infection most consistent with the observed distribution of HIV-1 DNA molecules, we found that the most likely number of multiply infected cells was ≤10% for all patients [ Table 2 ("Individual patients"), column 9] . Overall, these data suggest that during untreated HIV-1 infection multiple infection of CD4 + T cells in peripheral blood is an uncommon event; however, it seems that multiply infected cells may be more common during chronic infection. + T cells and monocytes from HIV-1-infected patients were sorted by FACS into PCR plates at dilutions selected so that each well would contain an average of much less than one infected cell. The cells in each well were lysed and their DNA distributed over 10 wells. PCR using primers spanning a 1.3-kb fragment of HIV-1 DNA encompassing part of the gag-pol region was performed, and the products were detected by gel electrophoresis and sequenced. The number of viral DNA molecules per infected cell was estimated from the number of positive wells. Viral DNA amplicons were sequenced and aligned to pNL43. The relatedness of viral DNA sequences to one another and to single-genome sequences derived from contemporaneous plasma virus RNA was determined by phylogenetic analysis. When we compared the infection frequency in early infection with chronic infection (geometric mean of the two time points for patients 6-8) we could not show any difference between the two groups for methods 1 or 2 (P > 0.4, Mann-Whitney test). Similarly, when we accounted for the range of infection frequency we found that the ranges during early and chronic infection overlapped, suggesting no difference of infection frequency during early and chronic infection (Fig. 2) . However, the ranges of estimated infection frequency demonstrated a large variability of infection frequency across patients (521-7,133 cells per DNA molecule during early infection for patients 1-5 and 65-6,003 cells per DNA molecule during chronic infection for patients 6-9). For example, patient 9, who had been infected for at least 15 y, had a much higher frequency of infected CD4 + T cells compared with the other patients. Further statistical analysis showed no correlation between frequency of infected cells and plasma viral load [Spearman r = 0.20 (method 1) and 0.00 (method 2)] in samples collected from patients during early infection; however, a correlation was found in samples collected from patients during chronic infection [Spearman r = −0.86 (method 1) and −0.89 (method 2)] (Fig. 2) , but when patient 9, infected for > 15 y, was taken out from the data set this correlation was not as strong Table S2 ).
Sequences from Cellular DNA and Plasma RNA Are Phylogenetically Similar in Both Early and Chronic Infection. To evaluate the relatedness of viral DNA sequences from CD4 + T cells to one another and to single-genome sequences derived from contemporaneous plasma virus RNA, we conducted phylogenetic analyses (Fig. 3) . Sequences from all nine patient samples as well as standard laboratory viruses formed independent populations that were at least 5% different from one another on a phylogenetic tree, with no intermingling, demonstrating that the viruses found in these patients were genetically distinct. As expected, intrapatient comparisons showed that all five early infection patients had nearly monomorphic viral populations derived from both cells and plasma (an example is shown in Fig. 3A) . The homogeneity of viral sequences in patients with early infection contrasted with the heterogeneity of sequences found in patients with chronic infection (examples shown in Fig. 3 B and C) . In samples from seven of the nine patients we found sequences that were identical for one or more doublet DNA molecules amplified from the same row of 10 wells (examples shown in Fig. 3 B and C), for a total of 23 identical doublets out of 45 multiples. Such doublets could result either from a cell in the process of S-phase DNA synthesis or from one cell infected by two genetically identical virions. For all patients analyzed, the phylogenetic distribution of intracellular DNA sequences was similar to singlegenome sequences derived from plasma virus RNA taken at the same time. The genetic similarity between HIV-1 populations in CD4 + T cells and plasma implies ongoing exchange between these compartments.
HIV-1 Genetic Diversity Is Similar in Paired Cell and Plasma Samples.
To further assess the genetic relationship between HIV-1 populations found in cells and plasma, the diversity of sequences from all patient samples was calculated using average pairwise distance (APD). The APD of the HIV-1 DNA from CD4 + T 4A ) and 1.0% and 0.9% in chronically infected patients (both time points were combined for patients 6-8), respectively (Fig.  4B) . For each patient, the APD of intracellular and extracellular HIV-1 populations was similar (P ≥ 0.4, Mann-Whitney test) and, consistent with the tree analysis, the APD of the combined cell-and plasma-derived sequences was not different from the APD of either the intracellular or extracellular HIV-1 populations (both P ≥ 0.5, Mann-Whitney test) (Fig. 4 A and B) . As expected, the APD of HIV-1 populations from both cells and plasma in early infection was significantly lower than that found in these two compartments during chronic infection (P < 0.04) for both compartments and for both time points compared separately for the chronic infection patients) (Fig. 4 C and D) .
Discussion
The production of recombinant HIV-1 variants is strongly dependent on both the frequency of multiply infected cells and the genetic relationship of the proviruses they contain (4) . Infection of cells with two different virions has been shown to occur in vitro (11, 12, 18) ; however, to date in vivo infected cells containing multiple HIV-1 variants have only been identified in spleen tissue from chronically infected patients (14, 15) . Despite the lack of direct evidence since the publication of these studies, it has been generally accepted that most cells are multiply infected during HIV-1 disease.
To investigate the numbers of multiply infected cells in the peripheral blood from HIV-1-infected individuals we developed the SCS. We found that the majority (>85%) of CD4 + T cells from the peripheral blood in nine treatment-naïve patients (five in early and four in chronic infection) contain only a single viral DNA molecule. In samples from eight of the nine patients we observed DNA molecules that could arise from multiply infected cells. If we assume that all of the multiple HIV-1 DNA molecules that we observed were derived from multiply infected cells the upper 95% confidence bound for the proportion of multiply HIV-1-infected CD4 + T cells in peripheral blood is 19% and 29% during early and chronic infection, respectively, far below the previous estimate (14, 15) . Furthermore, when we compared the actual number of multiple HIV-1 DNA molecules with the values predicted by Poisson distribution, we estimated the most likely frequency of cells containing multiple HIV-1 DNA molecules during early and chronic infection to be 2.6% and 7.0%, respectively, and not significantly different from 0 for any individual patient.
These findings agree with the recent analyses of Neher et al. (16) and Batorsky et al. (17) , who used modeling to estimate a rate of recombination consistent with an effective coinfection rate of ≤10%, and Simmonds et al. (19) , who found evidence for one provirus per infected peripheral blood mononuclear cell. Several factors having to do with the cell source may explain the discrepancy with the Gratton and Jung results (14, 15) . These authors analyzed spleen cells, as opposed to cells from the peripheral blood, and some studies have detected a higher concentration of HIV-1 in lymphoid tissue (20, 21) ; therefore, spleen cells may encounter HIV-1 virions more frequently than cells in the peripheral circulation. In addition, in vitro studies have shown that cell-to-cell transmission (which is a common feature in lymphoid tissue) more efficiently transfers virions to the acceptor cell, increasing the possibility of multiple infection (11, 12, 22) . Furthermore, our analysis was limited to CD4 + T cells from the peripheral blood, and other cells and/or cellular reservoirs such as the spleen may have higher numbers of multiply HIV-1-infected cells. Despite these explanations, our results demonstrate that during productive HIV-1 infection most of the CD4 + T cells in the peripheral blood contain a single HIV-1 DNA molecule with the same population of sequences as found in plasma virus. According to previous studies, CD4 + T-cell populations harbor the highest, but still relatively low, numbers of HIV-1 proviruses in the peripheral blood (infection rate of one per 100-10 7 cells) (19, 23, 24) . In agreement with these studies, we found low frequencies of infection in CD4 + T cells from peripheral blood. However, in using SCS we achieved more accurate estimates of the HIV-1 infection rate of CD4 + T cells, averaging ≈1,600 cells per HIV DNA molecule (0.06%) during early infection and ≈700 cells per HIV DNA molecule (0.14%) during chronic infection, values not significantly different from each other (P > 0.4). Taken together, these findings indicate that the duration of infection does not seem to affect the frequency of infection of CD4 + T cells as long as the viral RNA levels are relatively low and the CD4 + T-cell count is higher than 300 cells/μL. An earlier study revealed that a high frequency of infection correlates with low CD4 + T-cell counts and high viral loads (25) . In agreement with this study, we found that patient 9, infected for 15 y with a low CD4 + T-cell count (101 cells/μL) and a high viral load (1.8 × 10 6 copies/mL), had a much higher CD4 + T-cell infection rate (average ≈107 cells per HIV DNA molecule, 0.93%) than all of the other patients analyzed. When comparing the CD4 + T-cell frequency of infection with viral load we found a correlation between frequency of infection and viral RNA levels in patients during chronic infection. The lack of correlation between the infection frequency of CD4 + T cells and viral RNA levels in early infection could be explained by the fact that a viral set point has not been established in these patients. Interestingly, we were unable to detect infection of monocytes in this study (SI Discussion and Table S2 ), despite previous reports to the contrary (26) (27) (28) .
The genetic makeup of HIV-1 DNA molecules in multiply infected cells is crucial for the production of heterodimeric virions (4) . In samples from eight of the nine patients, we detected more than one HIV-1 DNA molecule in the infected cell lysate (<20% of the time), and these molecules could be the result of a multiply infected cell. Analyzing the genetic relationship between these HIV-1 DNA molecules revealed both genetically homogenous and distinct sequences. Because identical viral sequences were rarely found among the sequences from plasma (7 of 203 sequences) in this study or in other studies of untreated chronic infection, we believe that the homogenous sequences found in the cell samples from the chronic patients come from cells with multiple proviruses, either singly infected cells in the process of replication or doubly infected by cell-to-cell transfer of virus from a singly infected cell. Of the 45 potentially multiply infected cells we observed, 23 contained pairs of identical sequences (8 during acute infection and 15 during chronic infection, time points 1 and 2 combined for patients [6] [7] [8] . However, the rest did contain genetically distinct DNA sequences, which, if they arose from double infection and not multiple singly infected cells, could give rise to heterodimeric virions and new genetic recombinants.
We also analyzed the genetic relationship between intracellular HIV-1 DNA populations and HIV-1 RNA isolated from plasma. The half-life of HIV-1 in blood is very short (on the order of 1 h) (29) , indicating that the virions found in plasma have recently been produced and reflect ongoing viral production from cells in the peripheral blood. In agreement with a recent report by Edo-Matas et al. (30) , we found that intracellular viral DNA sequences in these infected patients were phylogenetically similar to sequences derived from contemporaneous plasma RNA. We also found that the genetic diversity of the HIV-1 populations in these two compartments was similar. This comparison suggests that the virus found in these patients' plasma is produced by their peripheral CD4 + T cells. Recently, we and others demonstrated that genetic diversity in virus isolated from plasma in the majority of patients is low in early infection and increases with time of infection (31, 32) . In this study we were able to demonstrate the same pattern in sequences isolated from peripheral CD4 + T cells. In conclusion, our results indicate that most CD4 + T cells in the peripheral blood contain only one copy of HIV-1 DNA, implying limited potential for recombination in viruses produced by this cellular population. The genetic similarity between HIV-1 populations in CD4 + T cells isolated from peripheral blood and plasma implies ongoing exchange between plasma RNA and DNA from peripheral CD4 + T cells. The failure to detect HIV-1-infected monocytes in this study implies that their frequency of infection is very low compared with CD4 + T cells.
Materials and Methods
Clinical Specimens. Cells and plasma samples from five recently and four chronically infected HIV-1 subtype B-infected individuals were analyzed. The samples were obtained from patients attending the National Institute of Allergy and Infectious Disease Critical Care Medical Department of the National Institutes of Health (NIH), Bethesda, MD (n = 4, patients 6-9) and Venhälsan at Södersjukhuset, Stockholm, Sweden (n = 5, patients 1-5). Informed consent was obtained from all of the patients. The study was approved by the institutional review boards at the NIH and the Karolinska Institutet. All patients were treatment naïve throughout the study (Table 1) .
Single-Cell Sequencing. The single-cell sequencing technique allows for the quantitative and genetic analysis of intracellular HIV-1 viral populations. In brief, pools of cells, each containing << one infected cell, are lysed and distributed across 10 wells per row in a total of eight rows on a 96-well PCR plate. PCR amplification and sequencing of the DNA in each well allows enumeration and analysis of the genetic relationship of viral DNA molecules in each infected cell (Fig. 1 , SI Materials and Methods, and Table S1 ).
Single-Genome Sequencing. To compare the intracellular populations identified using the SCS with HIV-1 RNA populations found in plasma, we performed single-genome sequencing on the plasma samples from each of the nine patients, as described earlier (31, 33, 34) .
